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MEMORANDUM

To: P, L. ROGGENKAMP kCLASSIFICATION REVIEW FOR

LASSIFICATION BUT
UNC ED

ANALYSIS ,OF236Pu~38.Pu RATI~S ~ HIGH P~ITY 2~8Pu
AND COMPARISON WITH RFS~TS O,F‘237NPIRRADIATIONS.IN

THE ~FLECTOR OF Of-I

INTRODUCTION

236pu’is fo~ed in SmlI uantitie during the produotlon of ~3$Pu
3 23~’PuIS productidfrom 237Np byfrom the irradiation of ? 7Np.

two Lnteractlons:

● 237Np(~,n)
B-

236ND 236Pu + neutrino,
22 hr

237Np(n,2n) 236NP .C 236Pu +
● neutrino.

22 hr

I Both Initiating particles must hav$energtes greater than 6.8 Mev.
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236~,, very small ‘d,c)-~..f:, i
~~~h~jPfit~~~~~~~t~tzh~~e trace amounts aubs~antlally
Increase th~ hard gamma production rate ov
years; therefore it is advisable tha
as practicable. The decay chain Or 83k~o~~p%~;~ ‘; ’721tains daughtera
which produce high energy gammas (e.g., 2.6 Mev). For
238Pu power sources to be u~ed fo body implantations allmft of
0.3 ppm iS placed on the 23 ~~35Pu ratio,

This memorandum Iscus es an extension of the method(l).used to
tcalculate the 23 Pu/23~Pu ratio fomed in the irradiation 0$

237Np In the Savannah River reactors. The test and production
Irradiations in the Cf-I charge are specifically treated although
the calculational technique can be applied to any charge design.

SUMMARY

ts from the calculatlonal procedure to determine the
%%p~~~~pu ratfo can be dlvi ed In o three areas;

tg
evaluation of

cross sections, results of 23 PUP3 FU ratto calculations, and
materials’considerations in 237NP target design.

Cross Sections

;~ti~’;!l%fa~;~;f c3~tPu~3~Pu ratios.
s seo ions have been the primary unknowns

Ualng the experimental
values of tiheratioa for 6 test assemblies irradiated in the Cf-I
reflector, two group (Y,n) cross sections were determined; a value
of 15 mb for the energy group, 6.8 - 8,o Mev, and 68 mb for the

:T%T :Z::’s:;;f;ng”s ‘ev

A value of 56 mb was used for the
The {n,2n) cross section will be detemlned

more precisely from other Irradlatlon experience; its value is n t
very significant for the reflector irradtatlons producing 90$ 23~Pu.

236Pu~38Pu Ratios

The 6 test irradiations were compared with calculations to determine
the 2- r up (r,n) cross sections. The calculated and experimental
236~~38~ rat%os are given In Table I.
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TAB~ I

Calculated and Experimental 236Pu~38Pu Ratios
for 6 Test Irradlatlons fn Cf-I

Radius of Test
Assembly Location, cm

163

210

210

222

222

235

Agreement with experiments

236~/238~, ~pm

Calculated Experimental

0.43 0.43

0.41 0.39

0.35 0.35

0.44 0.41

0.46 0.47

0.98 0.98

was forced at 2 Irradiation poaitlons;
however, the resultant agreement at the 4 Intermediate positions
was well within experimental uncertainties. A measure of the
rellabllity20f the-calculatlonal method is the standard error of
estimate, Se. The experimental and calculated values for the 6 test
assembles give S$ = 3.75. A least squares fit to the experimental
data gfves S; = 7.5. ~is St tistfc indicates that the calculational
method estimates the 23 Pu/23~Pu ratio in the 6 test assemblies
better than a least squares approach.

By use of this method, a value of 0.30 ppm was calculated for the
236Pu~38Pu ratto in the Mark 61 irradiations, for producing 2 kg
of high purfty 238Pu.

Materials

Reducing the 236Pu~38b ratio below 0.3 ppm can be attained by
replacing all or part of the Al In the target by either MS or Zr.
Studfes indfcate that a product of 0.2 ppm could be reached. Also,
6063-A1 should be used In place of 8001-A1 and 11OO-A1 whenever
possible to reduce In high energy gamma production from additives
In the latter two alloys.
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DISCUSSION

Formation of 2~6Pu

236Pu can be convenlentl divided into four contrl-~e formation of
butfona. EEach of the contributions to 23 w can be calculated
individually and the contrlbutlona summed to arrive at the total.

1. IntePnal (T,n) Reaction

The ‘(~,n)reaction
237Np assembly c?n

(1)
‘N36 =

RI =
dt

rate, RI, from ~-rays generated in the
be expressed as:

~f’n N37(t) . @th(t) . $y,, (1)

(1)
236Np from Internalwhere:

’36
= atom density of

(~,n) reactions,

flv~n = 237Np (~,n) cross section,
37

barns,

N3T(t) = time dep ndent atom density of 237NP,
5atoms/cm ,

$y =~f’lux &6.8 Mev), from thermal neutron
‘capture In Alof Np assembly, per unit
the~al flux In Al assembly,
Y/(cm -aec-gth(t)), ~~

@th(t) = time dependent thermal neutron flux in Np
assembly, n/cm2-sec.

Wtth ~ defined in this way, the absolute value and the
2time d pendence of the 7 -ray flux 1s carrfed by $th.
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2. External (7sn) Reaction

z dt

where @Y(t) =

’36
(2) =

-3-
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The (~,n) reaction rate, R2, from Y-rays generated
eternally to the 237Np assembly can be expressed as:

(2)

R. .% .~~;n N37(t) @y (t),

externally flux
neutron cipture
‘)’/cm2-sec.

236NP from externalatom density of
(’?’jn)reactions.

Other quantities were defined previously:

3. Internal (n,2n) Reaction

The (n,2n) reaction rate, R3, from
generated in fissions occurring in
can be expressed as:

fast neutrons
the 237Np assembly,

(2)

(3)

where:

ti38 and Y49

I

n,2n
t) r37
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N38(t) and N49(t) =

.
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time dependent atom densities of
238NP an~ 239Pu respecttve~y,
atoms/cm ,

thermal fission cross section for
238Np and 239Pu respectively, barns,

fast neutron flux (>6.8 Mev) per-.
unit fission neutron source densYty
generated in Np assembly, ~ ,

= n,2n cross section for 237NP, barnq.

4, External (n,2n) Reaction

The reaction rate from &igh energy neutrons generated
externally to the target, R4, can be expressed as:

(4)

R4 == = N37(t) ~~~2n @ef(t), (4)

where:

~ef(t) = ;~r~~~~~;efast neutron flux generated
237NP assembly.

236Pu ConcentratfOnTota1

All of the 22 hr 236NP Isomer does not be
50 percent decays b~ ~~cti~n6capture tO

decay to 236Pu. About
~96U. A long llved isomer

3 Np IS formed and adds about 15$t0 the
k~~ ~~~p=~txn~~ to 29~Pu formed during frra~latlon. Therefore,
the rate of formation of the 22 hr isomer of 23 Np is expressed as:

R + R ) - N36 . (A36 + ~~6 $th) (5)dN36_(R1+R2 +3. 4
dt
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where:

N36 =

‘1 =

R2 =

‘3 =
Rk =

~~6 “

,$~~ =

Time dependent 236Np

DPST-70-573
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concentration,

Internal ~,n formation rate,

External Y,n formation rate, I

Internal n,2n formation rate, I

External n,2n formation rate,
I

Mlcroscoplc absorption cross secttov for 236Np,
I

Time averaged thermal neutron flux.

From equation 5 the time

’46—=
dt

where:

N46 =

’86 =

rate of change

0.5 ~36 S N36

time dependent

of 236PU 1s:

- ’46 6~6 ‘ @th (6)

concentration of 236M,

absorption cross section of 236PU.

236pu by~ emfsslonThe decay of
because of its long half-life --
times of weeks.

‘Sin$ ‘qua$jg:dependent concentration of

:;:t~i~:o::l~dt:~ 1~Y6~~j8:~
be expressed as follows:

Internal (~,n)

External (~,n)

was not Included in the analyqls
2.4 years compared to irradiation
1, 2, 3, 4, 5, and 6 the time
can be determined. Equations 5
Runge-Kutta methods. Each of the
ratio, corrected for burnup, can

(7)

(8)
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External (n,2n) = Kl .
N36(4)

N48

where: K1 = the ratio of the total amount of 236Pu with
burnup inoluded in the analysis to the total amount of
236PU with no burnup included,

’48

N(l), N(2), N(3), N(4’

.

.

concentration of 238Pu after
Irradiation,

concentrations of 236Pu from the
indicated reactions assm:ng no
burnup.

(9)

This calculational procedure differs slightly from the method dis-
cussed by W. E. Gravea in DPST-70-356 in two ways. Reactions from
particles generated.externally and internally to the target are
treated separately

t,ons to tie 23&~~3~~ ratio ~~~o, the 238~ prod~~tfon
Th s mod fication allows isolati n of individual

cont$~~m burnup are calculated aa pari of the analYsis.and

Input Parameters

Sources of High Enerpy Gammas

There are two major contributors to the high energy gamma ray
flux present in the reactor, The first comes from neutron
capture in the aluminum components used in the core and target
assemblies. The second originates from neutrons captured in
the stainless steel tank wall. The magnitude of these fluxes
is extremely sensitive to the types of SS and Al being used.
For example, ~7, 76.8 Mev, from neutron captures in 8001 Al
is approximately 30$ rester than that from pure Al.
compares the ~ yield 7>6.8 Mev) per 100 thermal neut~b’e 11
captures for typical Al used at SRL.
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TABLE II

High Energy (>6.8 Mev) Gamma Yields per 100 Thermal
Neutron Captures

Al, Additives ‘Y’s/100 Captures
and Impurities ~’ ~ “~

Al 33 33 33

Ni 7.7 0 0.07

Fe 1.81 0.42 1.69

Cu 1.69 0.56 5.63

B s - 0.20

Total 44.37 34.32 40.59

Neutron captures in the stainless steel tank (tyPe 04), (e.g.,
?Fe, Ni and Cr) generate high energy ~’s (>6.8 Mev , and there-

fore the composition of the stainless steel wI1l effect ~Y.
Another faotor is the extra energy component above 8 Mev w
comes, from each of the components of the stainless steel.?$:~)
This two-energy group analysis is not necessary for Al unless

It is clear from Table 11
~~Fi~mKt~3~~u~~~ z2t~Fl~s~~’ be minimized 8001 Al shoul”d
be used sparingly.

~-Fluxes

Once the 7’source strength in every region of the reactor is
known, $~ in the 237Np targets can be calculated. To accomplish
this, either INCYCE or CLUCOP can be utillzed

p)
INCYCE and

CLUCOP solve the integral transport equation
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vf&v =

J

z, =
I

I v
Lsj =

N .

Volumes of region i and j,

Macroscopic
section for

Macroscopic
section for

one group total cross
the l= region,

one group scattering cross
region j,

Source density In region j,

Particle fluxes in regions i and j,

The probabtllty that a particle origtnatlng
with a uniform source distribution in region
j will have its first collision in region i
assuming zero current at the cell boundary,

Number of regions.

A discusalon of how cross sections are se
and CLUCOP has been discussed previously,t~?t;:;;s:g; g::z
should be re-emphasized. The two dominant ~ interactions, at
energies above 1 Mev, with light and intermediate elements are Compton
scattering and pair production. In pair production the amms is lost
and 2 particles are produced (an electron and a positronf. Therefore,
it can be considered an absorption. Compton scattering occurs when
a 7 interacts with an electron imparting a fraction of its energy to
the electron. The ?’is scattered with a reduced energy. In general,

~~t~dy~~~pe~~~~ reactton and therefore can also be considered as
of the ~ will be less than the 6.8 Mev threshold

an absorption. The contribution from the externally generated?’ flu,
was calculated in two parts; the first from the contribution from
gamma energies between 6.8 and 8.o Mev, and the second for gammas
above 8.o Mev. ~is dlvislon was necessary because of the rapid in-
crease In the 23 Np ~(~,n) above the 6.8 Mev threshold and the con-
tribution above 8 Mev from gammas generated by neutron captures in
stainless steel.
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Th~ gamma fluxes for Cf-I given in Figure 1, were calculated with
CLUCOP in the followlx manner. The reactor was divided into 10
concentric regions -- ? core regions. 5 reflector regions, and 2
tank
each

wall reg~ons. Ga~a ray s~urce-densities were ~alcuiated for
region. For the 3-region core:

pth = 2.23 x 1015 n/cm2-see,

Pmax/Pave = 1.2.

The source density in any core region k can be expressed as:

where

.

,=

.

.

.

Y ~a(Al)@i, (12)

Source density, y’s/cm3-see,

Gamma yield per capture for Al,

Core averaged Al absorption cross section, cm-l,

Average thermal neutron flux for region i,
n/cmz-sec.

The Mark 18’s make up approximately 80~ of the assembles in the
core, Approximately 60$ of the Al used in the Mark 18 Is 6063; the
remainder IS 800~ Al. The other core assemblies are made of 6063-A1.
Table III lists the cross sections, yields, and average source
strengths in the core for both Al alloys.

TABLE III

Information For Gamma Ray Source Strengths Calculation
in he Cf-I Core

Al Ea(cm-l)
Y(7 ‘s capture sV(7’S/~m3-&3eC-~th

8001 .000296 .444 .0001314

6063 .000567 .343 .0001948

Total .0003262

The average cross sections used for Table III were derived from
H~ cell calculations.
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The source strength in the tank wall was calculated using 2 region -
1 group diffusion theory to determine the themal flux distribution
in the tank wall. As previously mentioned fl from the wall was

cdivi~ed Into 2 energy groups with an 8 Mev c toff between groups.
Table IV presents the yields
energy bounds for each group.f~~ ‘he ‘Wo ‘nergy groups and ‘he

TABLE IV

Gamma Source Strength Information in Tank Wall

Energy Bounds (Mev~ Yield ($’s/100 captures)

Group 1 8.0- 9.5 19.4

Group 2 6.8 - 8.0 44.2

.
A neutron absorption cross section of 0.22 cm-~ was used for the
stainless steel. CLUCOP was also used to generate $ from thermal
neutron captures fn the Np assemblies. tOne fundamen al assumption
in each of the CLUCOP calculations was that a zero albedo existed
at the cell surface. Thfs approximation should be very good because
mo~t of the ~’s
thresholdof the ~~~k~~~~n~~~e~~a;ion

at an energy less than the
The average thermal

fluxes used to calculate the int ~ sou;ce strength were deter-
mined using the ~~ /~~ ore ratlos?~~nd reactor operations data,
The 7 fluxes gener tea externally, calculated by CLUCOP, are given
In Table V.

TABLE V

Calculated External Gamma Fluxes

Distance from Gamma Flux Y/cm2-sec Gamma Flux, 7/cm2-sec
core center, cm (6.8 - 6.OMev) (8.o - 10.OMev)

163*

210*

210

222

222

235

6.13 X 1011 1.33 x 1010

2.48 X 1011 6.74 X 1010

1.90 x 1011 5.17 x 1010

2.82’x 1011 1.01 x 1011

2.35 X 1011 8.4o X 1010

3.90 x 1011 1.60 X 1011

*Inner housings present
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The rate of production of internal 7’s is proportional to the
thermal flux and is de~endent on the amounts and kinds of material
present in an assembly-, The y fluxes Internally generated for the
6 test assemblies are giV@n in Table n.

TABLE ~

Calculated Internal Gamma Fluxes

Distance from
core center, cm

163*

21O*

210

222

222

235

Gamma Ffi,M~cm2-sec

3.91 x 1012

1.42 X 1012

7.01 x 1o11

5.49 x 1o11

4.57 x 1o11

2.38 x 1011

*Inner housings present.

Production Cross Sections

Effective cross sections used for the production calculations
~~;~~~g~ using the HANMER library, and are listed in

.

TABLE VII

Np and PU Cross sections - 600C

Isotope ~a, barns

237NP 139

238NP 1818

239NP 47

238& 416

239h 947

6f, barns

1658

11.9

655
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236PU was taken to be 17Q b

~~~t~!7~yT!~~K~z:%&~a~~~w~~1~~ .<~6~e~~~~n~eand.
ac~~rate to$o$.

4g
The only other cross sec ion on which there

are any ‘ata ‘s ~$~2n”
However, its energy dependence comes

from a theoretical reatment,and could be considerably in
error. This problem, plus the lack of information concerning
tbe shape of the fission spectrum above 7 Nev for any fisslle

n 2n approximate at best.material, makes estimates of < j
Fortunately, this reaction represents only a small part of the
total 2~6Np production (15% maximum). Therefore, errors in
Cn) n will not affect this anal sis..significarltly

Srl
The fission-

spectrum-averagqd value of ~n~ used was 56 rob.(l) The
236NP is also unknown.absorption cross sectfon of However,

various values from 400 to 2500 b rns were used in the analysis,
8and little effect on the “total23 Pu concentration was observed.

The r~fn cross section, therefore, was used as a ~lttln parameter
which could be varied to provide a value of the 23 Pu~3~Pu ratio
consistent with experimental data. Because of the ~-ray spectra
from neutron capture in Al, Fe and Ni two energy groups were
chosen 6.8 to 8.o Mev and 78.0 Mev. Isolating a consistent
value for the lower ener

~~6~p from the external gamma and internal
roup was reasonably simple because

the contribution to the
gamma sources for the test irradiation position nearest the Cf-I
cqy;.ce~r[y:~~ cm, was due almost entirely to the lower energy

cross section for the high energy group was
determined using the irradiation point nearest the tank wall.
The high energy gamma flux is largest at this point. The 2-group
(~n)’ cross sections used for all the calculations presented in
t is memorandum are:

c~’n(l) = 15.2 mb 6.8 - 8.o Mev,

C“7’n(2) = 68.1 mb 8.o-10.o Mev.

Results

237NP Test Irradiations in Cf-I

Six test assemblies were irradiated in the reflector at 4
different radii. Two of the assembles had inner aluminum
housings for forced cooling. The positions of the assemblies
and the experimental results are given In Table VII .

~6)
Also

included are the calculated thermal neutron fluxes.
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TABLE VIII
I

Experimental 236PuP38Fu Ratios and AveraEe Thernml Fluxes

Distance from
236~p38pu

Reactor
core center, cm ~, n/cm2-sec Cycles

163* 0.43 8.4 X 1014 1

21O* 0.39 3.0 x 10’4 1

210 0.35 2.3 X 1014 5

222 0.41 1.8 X 1014 2

222 0.47 1.5 x 1014 5

235 0.98 0.8 X 1014 5

*Inner housings present.

Using the calculated ~ fluxes in Table V and VI along with
average thermal neutron flux val es

8 ~~%; ~t~b;:d~;:~;herelative contributions to the 23 Pu
total are compared to the experimental values in Table IX.

TABLE IX

237Np Test Irrad ation in Cf-I
iContributions to 23 Pu~3~Pu Ratio, ppm

Calculated Compared to Experimental

Distance from In(~,n) Ex(y,n) Ex(Y,n) Calc Exper
core center, cm >6.8 Mev >8.o Mev <8.o Mev In(n,2n) Ex(n,2n~ Total Total—.

163* 0.32 0.004 0.045 0.06 0 0.43 0.43

21O* 0.29 0.06 0.04 0.02 0 o.4i 0.39

210 0.21 0.06 0.05 0.03 0 0.35 0.35

222 0.196 0.14 0.085 0.02 0 0,044 O.hl

222 0.20 0.15 0.09 0.02 0 0.46 0.47

235 0.19 0.51 0.27 0.01 0 0.98 0.98
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where: n = number of data points,

Yi = experimental value,

Zi = calculated value.

Compari g the calculated and experimental 236EuF38Pu ratios,ive, S9 = 375
A ‘east ‘quare’ ana’yap ~ives ‘2 = 7“’”Mia in~icat~s ~hat the calculated 236Pu 3 Pu rat?os are in

better agreement with the experimental values than the least
squares values.

Foil Irradiations in Cf-I

237NP0’ was placed in Zr capsule
?assemb y and irradiated In Cf-I,i19Thi~F2E~G~Z~A~~ zre

irradiated. Zr was used to removemost of the internally
generated.(~,n) reactions. A reliable theoretical analysis of
these irradiations is difficult becauae the V sources distri-
bution could not be duplicated exactly in the transport codes.
Therefore, the calculated In(v,n) contribution could be
approxiqtely a factor of 2 too low. ~ calculated results
are given in Table X along with experimental values determined
using alpha counting.

TABLE X

Contributions to 236Pu~38Pu Ratio for Zr Test Irradiations, Ppm

Distance from
i

In Y,n) Ex(y,n) Ex(~,n) Calc. Experimental
:ore center, cm 7(6. Mev) 78.o Mev L8.O Mev In(n,2n) Total Total

‘“195 0.01 0.03 “ 0.05 0:04 0.13 0.19

190 0.01 0.025 0.045 O.oa 0.13 0.12

The experimental values have b e
~3~pu~38k ratio initially present

corrected for the significant
contribution from the residue
in the neptunium.
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Mark 61 Irradiations - Plant Production Program

Before the 236Pu~38Pu ratio for the plant product can be
., calculated, the effect of the 24 Mark 61 assembles on the

thermal neutron flux at the.tank wall had to be detemined.

was found tha~ the thermal neutron flux at the tank
recovered to within 5$ of the value with no Mark 61
present..

The Mark 61 assemblies differ from the original SIX
blies as shown in Table XI.

TABLE XI

Comparison of the Mark 61 an~:the Test Assembl~

From previous calculations~b~ It was shown that the neutron
flux in the assembles wasdepressed by approximately 30$.
However, using a series of HAMMER-HERESY calculations, it

wall
assembles

test assem-

Loading, g/ft.

Clad thickness,

Core thickness,

Inner diameter,

Mk 61 Test Assembly

40 40 :’,

roils 20 30 ,,,

rolls 30 45

in. 4.01 4.o1

The Mark 61 assemblies were irradiated at 198 and 202 cm
fpom the core center. These positions were chosen,to minimize

?s~’ ~~~a~neutro~~ e 6~,s were irradiated for 5
r actions and still remain below heat removal

f x a at each position again were
determined as before.
reactor oycles to achieve a~ffNp burnup of approximately
9.0%.” The external gamma fluxes at each radial ~osition, for
a nominal average core thermal flux of 3.26 x 10 5 n/cm2-sec
are gLven in Table XII.
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TABLE XII

Average External ~Fluxes at Mark 61’s, ~/cm2-sec

Position, cm Gamma Flux &8.o Mev~ Gamma Flux (6.8 - 8.o Mev~

198 4.88 x 1010 2.94 X 1011

202 4.69 X 1010 2.90 x 1011

me &nternal average~ fluxes 6.8 Mev are 9.86 x 1011

Y/cm -see at 198 cm and 9 0 x 1011 Y/cm2-sec at 202 cm.
~me contributions to the $3 Pu~38Pu ratio are given in

Table XIII.

TABLE XIII

Contributions to 236Pu~38Pu Ratio for plant Product, ppm

i
In T,n)

Position >6. Mev

198 0.16

202 0.15

Observations

Target Desfgn

Th desi n of the
23%w~38& rat~o

o The internally

Ex(7,n) Ex(y,n)
48.o Mev >8.OMev ~. Tots1

0.045 .036 -0.06 0.30

0.05 0,05 0.05 0.30

target assembly Is important to minimize the
because:

generated $~. is a~~roximatel~ ~ro~ortional
to the thickn~s~ of aluminb In tfi~assembly: - -

0 ~~ Is dependent on additives and impurities In the Al,

o Me in ernally generated fast neutron flux, from 239Pu
iand 23 Np flsslons, is proportional to the 237NP density.

Therefore mini fzlng the amount of Al fn the housings and
cladding of a 837Np assembly is very desirable. However,
minimizing”the Al In the core’of the target increases the
237N densit for a constant loading, the latter could increase

Y ~ gzk cone_the nternal y erated fast neutron flux,
crease in the 2 entration from (n,2n~r;%;SZ ln-
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Materials

The 236Pu~38Pu ratio could be reduced to approximately 0.2
in reflector irradiations If the target core and 1/2 of the
cladding of a Mark 61 aasembly were Mg instead of AI. Mg is
currently being studied as a replacement for Al. Z
also be used as a substitute for Al again giving a ~3~~~38~
ratio of 0.2.

When Al is used as structural material for 237Nw tar~ets,
alloys with high levels of
avoided. Both 11OO-A1 and

~%sp~~u~~~~~ptfQn than.

CKP:vpb

additives and impuri~ies ~houid be
8001-A1 produce more high energy
6063-A1 and therefore increase the
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